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ABSTRACT 
This thesis is concerned with the study of the nature of 
self-association of the trihydroxy and dihydroxy bile salts in 
aqueous electrolyte solutions. Most often the pattern of this 
association has been described by using a monomer-micellar model 
borrowed from flexible chain surfactants. One of the character-
istics of this model is the existence of the critical micelle 
. concentration (CMe). Based on this model, it is assumed that there 
is no higher aggregate in the dilute concentrations somewhat below 
the CMC. 
Utilizing the light scattering technique, the turbidity as 
a function of concentration was obtained for sodium cho1ate, sodium 
taurocholate and sodium glycocholate over the concentration range 
from 0-25 mg/ml. For the bile salt sodium cho1ate, the concentra-
tion of the supporting electrolyte, NaC1, was varied over the range 
from 0-0.[ M. For sodium glycochb1ate, the turbidity was determined 
in 0.15 M NaF, NaCl, and NaI and for sodium cholate and sodium 
taurocholate the turbidity was determined in the above systems 
plus NaBr. 
Comparison of the light scattering data with the monomer-
Inicelle equilibrium ~ode1 shows qualitative agreement; however, 
quantitative agreement cannot be achieved. Further 
examination of the data has. shown that the light scattering 
results are in excellent agreement with a model which includes 
dimers, trimers and a higher aggregate containing an average of 
about 8 monomeric units. 
For the dihydroxy bile salts, the turbidity as a function 
of concentrations was determined for sodium deoxycholate, sodium 
taurodeoxycholate and sodium glycodeoxycholate over the concentra-
tion range from 0-20 mg/ml. For sodium deoxycholate, the turbidity 
was obtained in 0.15 MNaCl. On comparison of the light scattering 
data obtained from these dihydroxy bile salts with the monomer-
micelle model, qualitative agreement was again obtained; however, 
quantitative disagreement with this model is more significant than 
that observed in the trihydroxy bile salts. Qualitative as well as 
quantitative agreement with the experimental results \vas obtained 
for the above systems utilizing a model which assumes the existence 
of dimers, trimers, tetramers and a much higher aggregate. The 
average aggregation number for the higher aggregate was found to be 
25 for sodium taurocholate, while values of 17.6 and 18 were found 
for sodium deoxycholate and sodium glycodeoxycholate. 
From the study of the ionic strength effects on the self-
association of sodium cholate, an increasing tendency in the values 
of the association constants for the small oligomers and in the 
aggregation numbers for the high aggregates was indicated. However, 
this effect is hard to confirm from the present results. 
For the purpose of comparison of the model for the tri-
hydroxy bile salts obtained from the light scattering results, the 
equilibrium solubility of naphthalene in 0.15 1'1 NaCl was determined. 
v 
Based on the analysis, the light scattering results show excellent 
agreement with the naphthalene solubility data. This is a further 
proof of the validity of the model obtained from the light scatter-
ing results for the self-association of the trihydroxy bile salts. 
vi 
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I. INTRODUCTION 
Surfactant molecules in aqueous solution self-associate to 
form large spherical aggregates called micelles. The micelle is 
made up of perhaps 50 surfactant monomers arranged in such a fashion 
that the hydrocarb0n chains are directed towards the center or COre 
of the micelles. The core is effectively an oil droplet which is 
capable of solubilizing water insoluble species. This phenomena 
is utilized daily by everyone whenever surfactants such as soaps, 
detergents, etc., are used for the purpose of cleaning. Such surfa-
cant actions are also important in the human today_ The molecules 
primarily responsible for this are the bile salts (1). 
Bile salts are produced by the liver and stored in the gall 
bladder. In terms of molecular structure, bile salts are kinked 
steroid nuclei possessing two or three hydrophil ic hydroxyl groups 
on one side and a charged ionic group at one end of the molecule. 
The opposite side of the nucleus is hydrophobic. 
The bile salts have important actions in regulation of 
cholesterol biosynthesis in the liver and in the small intestine. 
Th~ bile salts also play an important role in the regulation of 
electrolytes and water transport in the large intestine and possibly 
the small intestine (2). These actions are not directly related to 
the surfacant properties of the bile salts. However, several 
important physiological actions are a direct consequence of these 
2 . 
surfactant properties~ One of these actions is to facilitate fat 
absorption. Dietary triglycerides are hydrolyzed to 2-monoglycer-
ides and fatty acids by pancY'eate lipase (3). These lipolytic 
products are insoluble or poorly soluble in water, but are readily 
solubilized by bile salts (4,5). The bile salts disperse lipolytic 
products into a homogeneous aqueous phase by the formation of a bile 
salt-fatty acid mixed micelle which enhances the absorption of the 
fatty acids by the mucosal cell (6). 
Bile salts also play an important role in the solubiliza-
tion of cholesterol. Cholesterol is virtually water insoluble. 
Large amounts of cholesterol are found in normal bile, approximately 
500 mg per 100 ml of bile, which far exceeds its molecular solubil-
ity (7). For many years, it was thought that bile salts were 
responsible for solubilizing this cholesterol. However, it is now 
well known that the solubility of cholesterol in pure bile salt 
solutions is very low. During the last 15 years it has been shown 
conclusively that cholesterol is solubilized by bile salt-lecithin 
mixed micelles (8,9). The solubilization capacity of the bile salt 
lecithin micelle for cholesterol is limited. Under certain patho-
logical conditions, this solubilization capacity can be exceeded 
which may eventually lead to cholesterol gallstone formation (7,10). 
In the United States over 15 million people have cholesterol gall-
stones, of which over one third are surgically removed, leading to 
total medical expenses of about $1 billion per year (11). Because 
of this, a great deal of effort has been directed toward 
understanding the mechanism by which cholesterol is solubilized in 
the bile. 
3 
The above physiologically important actions of the bile salts 
have been well known for many years, but the physico~chemital proper-
ties of the bile salt-lecithin or bile salt-fatty acid mixed 
micelle are not well understood. However', it is clear that the 
formation of mixed micelles of bile salt with fatty acid and/or 
lecithin becomes possible due to the surfactant properties of bile 
salts. Since the surfacant properties are directly related to 
the physico-chemical properties of bile salts, much work has been 
done in this area. One question of particular interest has been the 
nature of the self-association of the bile salt~ in aqueous solution. 
It seems essential that this question be understood before a 
complete picture of the more complex mixed systems can be developed. 
A. Review of Different Patterns of Self-Association 
Previous investigators of the self-association of the bile 
salts have argued that the nature of this association is similar to 
that of normal long chain surfactants (12). Others have argued 
against this hypothesis in favor of other mechanisms of association. 
It seems appropriate, therefore, to review briefly the properties of 
typical long-chain surfactant molecules in aqueous solution. By way 
of contrast the pattern of the association of molecules which have 
markedly different molecular structures will be presented. 
4 
1. ,?elf-association o_~TJ:pical Lonq-Chain H,drocar-bon Su rf a ca n t s ------"--------
Surfactants are amphipathic molecules containing a hydro-
phobic hydrocarbon chain and hydrophylic polar head group at the end 
of the molecule. The hydrocarbon chain contains 8-18 carbon atoms 
and is flexible. The polar head group may be ionic, nonionic or 
zwitterionic. The molecular ~'Jeight of the surfactant monomer is 
usually in the range of 100 to 500 (13). The~e molecules in aqueous 
solution form large aggregates called micelles. The association of 
monomers into a micelle is reversible. The micelle is usually 
composed of 20 '- 100 monomer units (13). It is usually spherical 
but it may be rod-like when it is large. The hydrocarbon chains 
form the center or core of the spherical micelle while the p~ar 
head groups are located at the surface. Since the core of the micelle 
is made up mainly of hydrocarbon chains, micelles are capable of 
solubilizing many water-insoluble but oil-soluble species. 
The surfactant concentration at which micellization beg-ins 
is called the critical micelle concentration (Cr~c). The transition 
from monomers to micelles occurs over a narrow range of surfactant 
concentration rather than at a single concentration (13). Because of 
this, a plot of a certain physical property as a function of surfac-
tar~ concentration usually shows a sharp change of slope around the 
CMe. The CMC is obtained by extrapolation of the pre-CMC' and 
past-CMC branches of the curve (13). The CMC derived from the 
extrapolation will depend to a limited extent on the method of extrap-
alation; however, these variations are usually small. For example, 
5 
if the solubility of a slightly soluble dye is utilized to obtain an 
estimate of the CMC as was done by Williams, et a1. (14), the 
variation in the CMe depending on the method of extrapolation is 
only about 1.5%. 
Below the CMC the surfactant molecules seem to behave as 
unassociated monomers. Evidence has been suggested, however, that 
some dimerization of the surfactant ions may occur. This suggestion 
was made by Mukerjee, et al. (15) based on the analysis of the 
conductivity of dilute solutions of sodium lauryl sulfate (NaLS). 
These authors have shown that the equivalent conductance of dilute 
solutions of NaLS is very much greater than expected based on the 
limiting Onsager theory.(15). This deviation 'is in the opposite direc-
tion to that expected for ,simple ion-pai r formation in the system. The 
value obtained for the dimerization constant was in the range of 
1.0 - 3.5 x 102, which suggests that the dimerization of the 1auryl 
sulfate anions is pronounced below the CM~ Mukerjee (13) also 
investigated the effects of chain length on the dimerization of 
fatty acids. For this purpose, he utilized the equilibrium partition 
data of Goodman (16) who had measured the partition of several long-
chain fatty acids between water and n-heptane. From the above 
investigation, Mukerjee has shown that the dimerization constant 
increases from about 40 for decanoate to about 1.3 x 107 for stearate. 
The high values obtained for the C16 and C18 fatty acids would 
suggest that they are almost completely dimerized at concentrations 
as low as 10-6 M (13). In view of the significant dimerization of 
these surfacants below the CMC, it is curious to note that little 
6 
evidence is found for tr;mer';~ation (13). This is probably due to 
the increased charge repulsion and the decreased hydrophobic effects 
in the trimer (13). 
In much of the early literature in the micelle area it was 
argued that the concentration of the monomer above the CMe was 
constant (17). This. argument was based on the assumption that 
micel1ization was represented as a phase separation. If the above 
assumption is correct, then the CMC should be a precise point. 
However, it has now been well established by several methods (15, 18) 
that distinct curvature exists in the Cr1C region. The degree of 
curvature increases as the aggregation number of the micelle 
decreases (21). 0ne of the major objectives of the above work was 
to show that micellization is, in fact, best represented by the law 
of mass action. This point is now well accepted (13, 20). One impli-
cation of the law of mass action is that the monomer concentration 
must increase above the CMC. This phenomena has been shown conclusively 
by Myse1s, et a1. (19, 20) based on equilibrium dialysis and surface 
tension experiments. The extent to which the monomer concentration 
increases with increases in total concentration depends upon the 
aggregation number of mice'lles. ~1ukerjee (21) has shown this fact 
clearly by model calculations on ideal uncharged micellar systems 
which have aggregation numbers of lOa and 20. Based on the above 
calculations, he indicated that the increase in monomer concentration 
above the O,1C is negl igib1e with respect to the increase in total 
concentration in the case of aggregation number of 100, while it is 
significant if the aggregation number is 20. This implies that the 
contribution of a varying monomer concentration to the total 
concentration above the CMC must be taken into account when the 
micellar aggregation number is much smaller than 20. 
The net forces responsible for micelle formation arise from 
the hydrophobic attraction and polar group repulsion. The 
7 
hydrophobic force results from a favorable entropy change upon the 
transfer of a surfactant monomer from the aqueous phase to the 
micelle (22). Forces opposing micelle formation arise from electro-
static repulsive forces between the ionic head groups at the micellar 
surface for the case of ionic surfactants (23). In the case of 
nonionic surfactants, the repulsive forces arise from the self 
interactions of the hydrophilic head groups of the monomers at the 
micellar surface (13). Consequently, micelle formation is the result 
of a balance between hydrophobic and polar interactions. 
2. Self Association of Aromatic Ring Compounds 
In contrast to the micellar association of hydrocarbon 
surfactants, some aromatic ring compounc..J are capable of a IIstackingli 
type association (21). One such molecule which undergoes a stacking 
type association is methylene blue. Methylene blue has a planar 
aromatic ring structure. Because cf this, the molecule is rou~hly 
symmetrical \'lith respect to the hydrophobicity on both sides of the 
flat structure. The cationic charge is dispersed in the molecule 
through resonance. The molecules J therefore, do not possess a 
particularly polar or non-polar end. These molecular characteristics 
8 
allow methylene blue to associate by stacking interactions as a 
result of face to face association (24-27). Mukerjee and Ghosh (24) 
have discussed in detail the sel~association of methylene blue and 
suggested that cooperative interactions occur in the early stages of 
association. Thus, in spite of the greater charge repulsion involved 
in the trimer, the fonnation of trimer was suggested to be more 
favorable than dimer formation due to increased hydrophobic inter-
actions. As the result of this, the contribution of low aggregates 
to the total concentration in the stacking type of association 
becomes important. In addition, the increase in monomer concentra-
tion with increases in the total concentration is significant. 
Mukerjee and Ghosh also suggested that high association constants 
in the self association of methylene blue decrease in a mild 
sequence, which is in agreement with the expected build-up of the 
charge repulsion. However, it was indicated that the decrease in 
the association constants was not very large. 
As the compounds possessing similar characteristics to 
methylene blue, the derivatives of pyrimidine and purine can be 
examples. Broom, et ale (56) and Plesiewica, et ale (57) investi-
gated the nature of self association of these molecules utilizing 
osmometry and showed that these molecules associate by a continuous 
stepwise fashion with all association constants being equal. More 
detailed analysis of the equilibrium and of the differences between 
the various association constants of the type done by Mukerjee and 
Ghosh (24) is not possible in these systems due to the limitations of 
the method. 
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Another type of molecule which undergoes self.association is 
the rigid but non-plarlar aromatic ring compounds. like the pheno-
thiazine derivatives. In this molecule the ring structure is kinked 
due to the lack of aromaticity in the central ring. A charge group 
is located on the side chain of the molecule. The association arises 
from the interaction between the concave side of one molecule and the 
convex side of the other. The cationic charged groups would be 
arranged in such a fashion as to minimize the charge repulsive inter-
actions. The dimers in this configuration still have a concave and 
convex side open for further ~ssociation. Therefore, this self-
association pattern can continue indefinitely (21). Florence and 
Parfitt (28, 29) have studied the self-association of these molecules 
utilizing N.M.R. In the plots obtained from the chemical shifts of 
various identifiable protons as a function of reciprocal concentra-
tion, a break at a certain concentration could be identified in 
each of these plots. This break was interpreted to indicate the 
existence of a CMC which led these authors to suggest that the 
pattern of the self-association of the phenothiazines was best 
represented by a monomer-micelle equilibrium model. However, in a 
recent article, Mukerjee (21) has argued that breaks suggesting 
the existence of a CMC can be. found even in a 
continuous stepwise association system. Thus, the mere 
existence of a break in the plots made by Florence and Parfitt 
(28, 29) is not sufficient evidence to suggest the monomer-micellar 
model. Further evidence against this model for the association of 
the phenothiazines was presented by Cardinal (30). He argued that 
10 
the degree of curvature of the plots varies depending on the identi-
fiable proton used in the plot. As an example, the results for 
promethazine Hel ItJere considered. The plot of chemical shifts due 
to the aromatic protons versus reciprocal concentration shows 
marked curvature throughout the concentration range while the plot 
of chemical shifts due to N-CH3 or C-CH3 protons versus reciprocal 
concentration shows fairly sharp breaks over a narrow range of 
concentrations. Cardinal (30) indicated that interpretation of 
the shifts for the N-CH3 and C-CH3 is made more difficult because 
of the observed c~ange in the degree of dissociation of the amine 
function as the concentration increases. Thus, the shifts due to 
the aromatic protons may be more reliable. However, these shifts as 
a function of reciprocal concentration show marked curvature through-
out the concentration range studied. Based on the above arguments, 
Cardinal also indicated that the results obtained by Florence and 
Parfitt (28, 29) would appear to be insufficient to discriminate 
between the micellar model and the stepwise association model. 
Finally, another type of molecular structure which can 
undergo self-association are the diphenyl methane derivatives. 
Diphenyl methane derivatives contain 'tIO aromatic phenyl rings and 
polar chain groups. These molecules 
and flexible. Attwood and Udeala ( 
aromatic but non-planar 
32) studied the self-associa-
tion of these compounds. From this --;tudy, they suggested that the 
diphenyl methane derivatives form micelles as in the case of long-
chain hydrocarbon surfactants even if the molecules contain aromatic 
rings. In support of this model, these authors suggested that the 
rotational motion of the diphenyl rings around the central carbon 
atom hinders the stacking type of interactions between the 
molecules. 
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Attwood and Udeala (33, 34) also studied the self-association 
of pyridine derivatibes. Most of the pyridine derivatives contain 
an aromatic phenyl ring and a polar side chain as well as the pyri-
dine nucleus. From this study, they' suggested that some derivatives 
fonn micelles \1hile others aggregate by a stepvJise association 
process. The reasons for the different mode of aggregation of these 
compounds was not clearly stated. However, they indicated that the 
difficulty in differentiating the systems between micellar and step-
wise self·association arises from the low aggregation number of the 
system. 
From the above discussions, it is clear that the pattern of 
self-association can be different depending on the molecular struc-
ture of solute. When the molecules possess rigid aromatic rings, 
and they are roughly symmetrical with respect to the hydrophobicity 
on both sides of the rings, the stacking type of association between 
these molecules is possible. On the other hand, if the molecules 
possess flexible hydrocarbon chains and the hydrophobic and hydro-
philic portions in the molecule are well separated, typical micellar 
association is favored. 
In the molecular structure of bile salts, one side of the 
molecule includes hydrophilic hydroxyl groups while the opposite side 
is hydrophobic due to hydrocarbon rings. It is not symnetrical with 
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respect to the hydrophobicity. Also, these molecules are inflexible 
and non-planar. The molecular structure of bile salts, therefore, 
belongs to neither of the above classes. 
B. General Background of the Nature of Self-
Association of Hile Salts 
1. Molecular Structure of Bile Salts 
Bile salts are derivatives of cholanic Rcid. Cholanic acid 
is a cyclopentenophenanthrene nucleus containing 24 carbon atoms as 
shown in the following figure. The A and B ring juncture of the ster-
oid nucleus has a 56-hydrogen, which causes the steroid nucleus to be 
kinked rather than flat at this juncture. The cross section of the 
o 
nucleus is about 6 or 7 A at the narrowest and widest diameters. This 
02 gives a cross sectional area of 42 A (figured as a rectangle) 
38.6 A2 (figured as a circle with a radius of 3.5 A) (12). This 
length corresponds to the conjugated bile salts. The length of 
o 
unconjugated bile salts is about 18 A~ Then, the area of longi-
o 
tudinal sections of cholanic acid becomes about 108 A (figured as 
a rectangle). Ekwall, et ala (35, 36) have measured the area of 
surface monolayer of cholanic acid in 3M NaCl solution and suggested 
that the maximum surface area per molecule lying flat on the surface 
is about 190 X2 and the maximum is about 105 A2. 
Cholic acid (Mw = 408.56) has three alpha hydroxyl groups 
at the 3.7 and 12 positions of the steroid nucleus (3a, 7a, 12a -
trihydroxy - 5B-cholanic acid). The distance between each of the 
three hydroxy groups measured ~ Stuart-Breigleb Model, is about 
o 
5 A. They form a rough triangle on one side of the steroid nucleus. 
This side and the charged carboxylate group at one end of the mole-
cule are the hydrophilic portions of the structure. The opposite 
side of the nucleus is hydrophobic. 
Deoxycholic acid (Mw = 392.56) has two hydroxyl groups at 
the 3a and l2a positions (3a, l2a-dihydroxy-5B-cholanic acid). 
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Bile salts in human bile are usually conjugated with glycine 
or taurine by peptide bonds at the carboxylate side chain of 
the steroid nucleus. The pKa value of free cholic acid is about 
5 while the pKa of glycine conjugate is about 4 and the pKa of 
taurine conjugate is about 1.9 (12). 
.c 
2. Review of Previous Work 
.:l.4 
""'---- c. 00 H 
Cholanic Acid 
One of the pioneering \-Ior:(s was that of Roepke and Mason 
who measured the equivalent conductance and the osmotic coefficient 
as a function of bile salt concentration (37). From this study, 
they suggested that the bile salts form typical micelles. This 
suggestion \,/as based on comparison of some similarities between the 
curves obtained for the bile salts and those obtained for typical 
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long-chain surfactants. Since their suggestion, many workers have 
studied the natu}~e of bile salt self-association utilizing various 
techniques like light. scattering (38-43), solubilization (4, 44-48), 
viscosity (49), N.M.R. (50 - 51), surface tension (39), x-ray 
scattering (52), ultracentrifugation (38), as well as conductivity 
(49), and osmoticcoefficient measurements (53). Most of the previous 
workers have interpreted the nature of the self-association of the bile 
salts as a monomer-micelle equilibrium model. However, remarkable 
variations occur in the CMC values obtained by different workers: 
for example, reported CMe values of sodium taurocholate in 0.15 M 
NaCl at 20° - 25°C, pH 9±-1 vary from 2.7 mM/l (47) to 7.3 mr1jl (43). 
These variations in the CMC may arise from experimental errors. More 
possibly, the variations may result from the different methods or 
concentration ranges used in the extrapolation to estimate the CMe. 
This fact has already been indicated by Mukerjee and Cardinal (44) 
who suggested that CMC values differing by at least a factor of two 
could be obtained from the same data depending only on the range of 
concentrations used in the extrapolation. In the case of typical 
micellar systerps like s.odium lauryl sulfate, due to the abrupt monomer-
micellar transition (14) such variations are less than 1 or 2%~ 
---Similar variations have also been found in the aggregation 
number. For example, the aggregation'numbers of sodium glycocholate 
under the same conditions were found to be 19.4 (38) and 26.0 (40). 
Carey and Small (48) and Small (38) studied the effects of 
bile salt structure, counter ion concentration and temperature on 
the size of aggregates. They suggested that the aggregation number 
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of trihydroxy bile salts is less than 10 while dihydroxy bile salts 
form small aggregates at low concentrations and large aggregates 
at higher concentrations. It was also suggested that the conjugated 
bile salts behave in a way similar to their unconjugated homologs. 
The aggregation number was suggested to increase with the increase 
in the counter ion concentration. The size of aggregates was shown 
to be affected little by temperatures between 4° - 36°C., when the 
aggregation number is less than 10. However, the size of aggregates 
of dihydroxy bile salts having aggregation numbers greater than 10 
was suggested to decrease witH an increase in temperature. 
In contrast to the monodispersed micellar assumption, Ekwall, 
Fontell and Sten (54) and Fontell (42, 47, 49, 52, 55) argued that 
the nature of bile salt self-association must be a concentration 
limit system, that is, the size of aggregates changes in a stepwise 
fashion as a function of concentration. They suggested three 
concentration limits for trihydroxy bile salts and another three for 
dihydroxy bile salts. These concentration limits seem to be inde-
pendent of conjugation of the bile salts. They indicated that there 
is no association below the first concentration limit and the aggre-
gates are small between the first and second limits and somewhat 
large between the second and the third limits. Above the third 
limit, the aggregates were suggested to be of colloidal dimensions. 
Vitello (43) argued against the concentration limit theory based 
on the results obtained by light scattering techniques. He 
suggested that the CMC is well defined and the slope above this 
concentration remains constant beyond the concentration identified 
as the second limit in Fontell's work. 
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Recently, Cardinal and Mukerjee (44) discussed the nature 
of self-~ssociation of sodium cholate in the absence of added 
electrolyte. They determined the variation in the solubility of 
naphthalene as a function of the total concentration of bile salts. 
Naphthalene is practically insoluble in water. The solubility was 
shown to increase in a very smooth fashion with the increase in the 
sodium cholate concentration. From this study, they indicated that 
the nature of association of bile salts is neither a monomer-micelle 
nor the concentration limit model. However, their conclusion was 
that the model of bile salt self-association should include monomer, 
dimer, and high oligomers. 
3. Aim and Scope of This Research 
Many workers have investigated the nature of self-association 
of bile salts in aqueous solution. Most of the previous works 
suggested that the nature of bile salt self association follows a 
monomer-micelle equilibrium model. On the other hand, some authors 
suggested different models such as a stepwise association and a 
system containing dimer and high oligomers. 
It was the aim of this research to test the above models based 
on the analysis of the variation in turbidity as a function of bile 
salt concentration obtained by the light scattering technique. 
For the analysis of the light scattering data, it was the hope 
to make a comparison between the experimental values and the results 
obtained by calCUlation according to the above models. 
II. EXPERIMENTAL 
A . Ma t e ria 1 s 
Sodium chloride (J. T. Baker Co.), sodium bromide (J. T. 
Baker Co.), and sodium iodide (Mallincrodt), wpre all used as 
received. Sodium fluoride (Fischer Scientific Co.) was dissolved 
in deionized water, filtered through a O.22u mil1~pore filter 
(Millipore Co.) aild recrystallized. Deionized water Vla.S prepared by 
passing the laboratory distilled water through an ion ... exchange 
column (Corning-Model LD-2a). This water vJas double distilled from 
an all-glass distilla.tion system before use. Choltc acid (J. T. 
Baker Co.) was purified by the method of Hofmann (58). Deoxycholic 
acid (Aldrich Chemical Co.) was purified by the method of Sobotka, 
et al. (59). Sodium cholate and sodium deoxycholate were prepared 
by neutralizing the acids with sodium hydroxide (J. T. Baker Co.) 
to pH 10.0 ~ 0.2. Sodium glycocholate, sodium taurocholate, sodium 
taurodeoxycholate and sodium glycodeoxycholate were all synthesized 
according to the method of Lack, et al. (60). 
All the prepared bile salts were dried in the vacuum oven 
at 40 + 2°C until constant weight was obtained. The existence of 
other bile salts as an impurity was checked by a thin layer chromato-
graphic method (61) using about a 100 ~gm spot. 
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Glycine and taurine contamination in conjugated bile salts 
was also checked by the same chromatographic procedure, except 
ninhydrin was ut-jlized for development. Jl.ll the bile salts studied 
showed no indication of impurities by the above tests. Naphthalene 
(J. T. Baker Co.) was used for the solubility measurement. 
B. Appar'atus 
All turbidity measurements were made with the Light Scattering 
Photometer (The Virtis Co. Model BP-2000) at incident light wave-
length 436 nm. The photometer output was measured on a Digimeter 
Model DMR-300 (Phoenix Precision Instrument Co.). 
The refractive index was measured by a Brice-Phoeni,x Differ-
ential Refractometer Model BP-2000-V (The Virtis Co.) at 25 ~ O. 1°C. 
The light scattering cell for the turbidity measurements was a small 
semioctagonal type (The Virtis Co., Cat. No. T-105) requiring 10 ml 
of sample. The cell was splashed with freshly condensed acetone 
in a device similar to the one described by Shipmann and Farber (62). 
The pH of the sample solutions was measured with a Digital 110 
Expanded Scale pH Meter (Corning Co.), equipped with a Corning 
Series 500 Combination pH electrode (Cat. No. 476110). A U.V. 
Spectrophotometer (Gilford Model 240) was used for naphthelene 
solubility measurements. 
C. Measurements 
1. Calibration of Lillb.:LScattering Photometer 
The light scattering instrument calibration was performed by 
the method of Huisman (18) using double distilled, deionized water 
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filtered through a O.22~m millipore filter. The literature turbidity 
value for water, 4.79 x 10-5, at 4,36 nm obtained· by 
Huisman (18) was accepted as a standard. The apparatus constant 
L436 has been calculated by Equation (1): 
(1 ) 
where GgO/GO is the ratio of galvanometer deflections when viewing 
scattered radiation at 90° to that for the transmitted radiation 
at 0°. 1.34 is the refractive index for water, and F' is the trans-
mittance of the combination of neutral filters used to determine 
the scattering ratio. In order to confirm the calibration constant, 
the turbidities of carbon tetrachloride and benzene were measured. 
The values obtained were 2.502 x 10-4 for carbon tetrachloride and 
7.710 x 10-4 for benzene. These values are in agreement with the 
literature values of carbon tetrachloride (2.497 x 10-4 - 2.508 x 
10-4) (63) and benzene (7.790 x 10-4) (64). The calibration con-
stant was checked at the beginning of each set of experiments. 
2. Sample Preparation for Turbidit~ Measurement 
The sample cell was cleaned with potassium dichromate cleaning 
solution and rinsed thoroughly with distilled water. Finally the 
cell was splashed with freshly condensed acetone in the cell cleaning 
apparatus (62). The pH of the sample solution was adjusted to 
10.0 + 0.2 with NaOH. The major difficulty in preparing the sample 
for light scattering measurement was to remove dust particles from 
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the solution. The methods employed for the removal of particulate 
matter from solutions such as repeat filtration or ultracentrifuga-
tion provided largely scattered values which are not adequate for 
the purpose of this investigation. It was found, however, that the 
following proceduY'e yields better particulate free solutions than 
other methods. A syringe was filled with 50 ml of the solution for 
measurement. Approximately 25 ml of this solution was filtered 
through a millipore filter (0.22 ~m pore diameter), and ~aved for 
future use; then without removing the applied pressure, the final 
portion of the solution was filtered directly into the light scatter-
ing cell. Using this technique, scattering ratios which are 
reproducible within the ability to read the galvanometer deflection 
are obtained. This is true for both repeat measurements of the 
same sample and for successive portions of a sample of a given 
concentration. 
3. Refractive Index Measurement 
The differential refractometer was calibrated with sodium 
chloride or potassium chloride at 25 ~ O,loC. The refractive index 
of each sample solution was followed by turbidity measurement of 
the sample. 
4~ Dissymmetry and Depolarization Measurements 
When the particles in solution are larger than about one-
tenth of the wavelength of the incident light, scattering will not 
be symmetrical about 90° due to the geometry of the particles. In 
this event, the scattered light intensity should be corr'ected for 
this dissymmetry. The main purpose of dissymmetry measurement for 
our sample solution is to check the clarification of the sample 
solution. The dissymmetry ratio (45°/135°) Z, was measured for 










where i is the scattered intensity from solution and solvent at the 
specified direction. 
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When the particles in solution are anisotropic, a correction 
must be made to the turbidity for the depolarization arising from 
the anisotropic property. The depolarization p is defined by 
11 
Equation (3). 
( 'h .. :h )/(OV .V ) 1 0 -1 1. -1 
solutlon solvent solut10n solvent (3) 
where iV and ih are the scattered intensity of the vertical and hori-
zontal component of the light from solution and solvent when the 
incident light beam is unpolarized. The final correction factor 
for total turbidity, so called Cabannes Correction, is (6+6P11)1 
The correction factor for our system was found to be 
unity, which means that the depolarization effect on our system is 
negligible. 
* Taken from Virtis Co., Manual OM-2000. 
5. Fluorescence Measurement 
When appreciable fluorescence is present in the scattering 
solution, turbldity will be too high due to the intensity of fluor-
escence. Fluorescence from our system was found to be negligible 
utilizing the small auxiliary filter (The Virtis Co.-Cat. No. K-CF-
343) . 
6. Turbidity Measurement 
Turbidity measurements at 90° were done from the higher 
concentration to the lower by ,the dilution method. The light scat-
tering cell was placed at the same place on the cell table 
reproducibly by using four polymer plugs having the same width. 
Whenever a new sample solution is made, the reproducibility of the 
measurement was checked with the previous measurement. Very low 
concentrations of solution were made independently. After all the 
measurements of a set of experiments, the reproducibility of our 
data was checked with a few extra measurements. 
7. ~hthalene Solubility Measurement 
22 
The highest concentration of sodium cholate stock solution 
was made with 0.15 M- NaC1. The pH of this stock solution was 
adjusted to 10 ~ 0.1 with NaOH. The different concentrations of 
sodium cholate solution were made by Volumetric dilution of the stock 
solution. About 5 ml of each sample solution was placed in a 2 
dram vial to which an excess of naphthalene crystals was added. 
These vials were capped and sealed with parafilm and rotated in 
a water bath at 25 + O.loC for three days. Then, an appropriate 
volume was withdrawn from each vial with a pipet whose tip had been 
covered \'1ith glass wool to filter excess crystals of naphthalene 
remaining in the solution. These soiutions contnining solubilized 
naphthalene were quickly diluted with distilled water to obtain 
reasonable naphthalene concentrations for U.V. measurements at the 
wavelength of 276 nm. The solubilized naphthalene concentration 
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was measured according to the Beer's law plot. In order to measure 
the extinction coefficient of naphthalene, a 2.64-~M solut1on of naph-
tbalene in methanol VIas made. 10 ml of this solution was diluted 
to 1000 ml with 0.15M-NaCl, which gives the naphthalene concentra-
tion of 2.64 x 10-4M. With this concentration, the molar extiction 
coefficient of naphthalene was obtained by dilu:ion as 4.96 x 103. 
This value is in agreement with the values in the literature (44). 
III. METHOD FOR THE ANALYSIS OF LIGHT SCATTERING DATA 
The light scattered by small uncharged particles is measured 
as the Rayleigh ratio (Re) given by Equation (4). 
(4 ) 
where 10 is the intensity of the unpolarized incident beam, is is 
the scattered intensity per unit volume at angle 8, and r is the 
distance between the medium and the photomultiplier tube. Usually, 
the Rayleigh ratio is measured in the 90° direction. The Rayleigh 
ratio (RgO) and the turbidity, T, in the case of unpolarized light 
and small isotropic particles are related by Equation (5). 
T = l6n·· 
-3- RgO 
The turbidity of a solution arises from inhomogeneities in the 
refractive index of the system due to the random motion of the 
(5) 
particles and is dependent on the small scale density and concentra-
tio:: fluctuations (65). For the measurement of molecular weight 
of colloidal particles in a two component system containing a solute 
and a pure solvent, Oebye derived the equation (6). 
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T and TO are the turbidity of solution and solvent respectively. N 
is the molecular weight of the particle, B is the second virial 
coefficient, c is the concentration in gm/ml of the colloidal 
particle, n is the refractive index, (an/ac) is the refractive 
index increment, A is the wavelength of incident light and No is 
Avogadro•s number. From the intercept of plot [HC/(T-TO)] versus 
c, the molecular weight of colloidal particle can be obtained. 
Equation (6) is not directly applicable to micellar systems 
because of the presence of unassociated monomeric units and 
charge effects. In _ the' .. following section, the mathematical 
treatment of light scattering data based on the micellar model will 
be discussed. This discussion is followed by the treatment of 
light scattering data based on the stepwise association model. 
A. Monomer-Micelle Equilibrium Model 
In a micellar system, the monomer concentration is assumed 
to increase 1 i nea r 1 y up to the Ct4C. Above the C~1C it is as sumed to 
be nearly constant and equal to the .CMC. Based on this assumption, 
Equation (6) can be modified as Equation (7), which considers the 




where TO is the turbidity at the CMe which is taken as co. 
When the solution is a three component system containing 
charged micelles and a supporting electrolyte, Equation (7) is 
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not applicable due to the negative adsorption of co-ions. The 
necessary corrections have been developed by Vrij and Overbeek (66). 
In the above three component systems, there will be an attractive 
force between the charged micelles and the counter ions as well as 
a repulsive force between the charged micelle and the co-ions. 
As a result of these interactions, excess counter ions adsorb on mi-
celle and fluctuate with the micelle while .the co-ions are repelled 
from the micelle. Because of this negative adsorption, the molecular 
weight of the micelle obtained by Equation (7) is not a true molecu-
lar weight but rather an apparent molecular weight. In order to 
obtain the true micellar molecular weight corrected for the effects 




H' = H 
Cl and c2 are the concentration of solute and supporting electro-
lyte, M is the true molecular weight of the mic3lle, B is the second 
virial coefficient, (3n/3c1) is the refractive index increment of ~s 
solute at constant chemical potential of the supporting electrolyte, 
and (an/ac l ) is the refractive index increment of solute at ~s 
constant electrolyte concentration. For comparison purposes, 
Equation (7) can be rewritten as Equation (9). 
1-1' 
o 
where M* and B* are the apparent molecular weight and apparent 
(9) 
second virial coefficient of the micelle in a supporting electro-
lyte solution. From the comparison between Equation (8) and (9), 
it can be seen that the only difference between the true and the 
apparent values arises from the difference between HI and H. 
In order to solve the relationship between HI and H, Vrij 
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and Overbeek (66) developed Equation (10), which is similar to the 
equation used by Ooi (67) in the discussion of the adsorption from a 
mixed solvent to uncharged polymers. 
where (an/ac2) is the refractive increment of supporting electro-c l 
lytes at constant solute concentration. By comparing Equation (10) 
with Equation. (8), HI' is related to H by Equation (11). 
HI (11 ) 
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From Equations (8), (9), . and ( 11 ) , the apparent values 
are related to the tY'ue values by Equation$ (12 ) 
and (13). 
M ~ + 
(an/ac2)c 2 
M* 1 (dc2/ dc1) J (12 ) ;: (an/ aC l ) c2 lls 
B ~ + 
(dn/ac2)c -2 
B* ;: 1 (ac2/ac 1) ] (13 ) (an/acl)c lls 2 
The quantities of M* and B* for the micelle in different sodium 
halide solutions can be determined from a Oebye plot based on 
Equation (9). The values of (dn/acl)c for all sodium halide 
2 
solutions are equal within experimental error. Then, under the 
assumption that the negative adsorption (ac2/ac l ) of supporting lls 
electrolytes on the micelle is independent on a change in co-ions, 
1 the plots of IM* versus (an/ac2)c and IB* versus (an/ac2)c 1 1 1 
can be made. From the intercepts of the plots, IB'* ' the true 
molecular weight, M, and the true second virial coefficient, B, of 
the micel Ie can be obtained. The aggregation number of micelles 
are obtained from the molecular weight of micelle. 
In order to determine the degree of agreement between the 
experimental values and the results ~btained by calculations based 
on the described models, a method for the calculation of the turbid-
ity as a function of concentration is necessary. Based on the above 
analysis, this method will be discussed. 
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As mentioned previously, a micellar system is an equilib-
rium stvte between the monomers and the micelles. According to the 
law of mass action, the equilibrium between monomeric units and 
mi ce 11 es can be represented by Equati on (14). 
(14 ) 
where [Al ] is the monomer concentration and [c ] is the concen-m 
tration of micelle containing n monomers. The corresponding 
equilibrium constant, ~, is represented as Equation (15). 
(15 ) 
In the above equation, it is assumed that the activity coefficient 
of monomer and micelle are constant. Also, the above equation is 
ideal in the sense that counter-ion terms in the equilibrium 
express i on are negl ected ~ Hm<Jever, these terms become part of 
the equilibrium constant in the present ·tudy since the concentra-
tion of the counter ions is effectively constant~ Based on Equations 
(14) and (15), the total concentration, cT' and the total turbidity, 
TT' of the micellar system are represented by Equations (16) a~J (17), 
(16 ) 
T = L + T + t . T 0 mo mlC 
(17 ) 
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where TO' Tmo and Tmic are the turbidity due to solvent, monomer 
and micelle. Oebye (68) assumed that TO for a pure solvent arises 
from the density fluctuations of the solvEnt. Later, Vrij and 
Overbeek (66) proved that for TO in electrolyte soiutions, the 
electrolytes can be regarded as a part of solvent. Also, they 
showed that the contribution of the solvent and electrolyte to the 
total turbidity is the same regardless of the presence of colloidal 
particles. At a certain total concentration, the value of K can 
m 
be obtained by lIsing the CMC as [A1] and the aggregation number, 
n. Practically, ~ is obtained by fitting the experimental curve 
at a given cT" Then, by Equation (16) the total concentration for 
any monomer concentration can be calculated. 
In the calculation of total turbidity, it is necessary 
to add up the measured TO with the values of Tmo and 
T. which are calculated according to Equations (18) and (19). 
mlC 
Hc-1 1 
::: ~ T· 1 1 
Hc -mlC ::: 
T 
mic Mmic 
where T· 1 is the turbidity due 
+ 2Bc . 
nn c 
to i-mer~ c-1 
(18 ) 
(19 ) 
and c. are 
mlC 
the concentrations Of the i-mer and the micelle and 
Mi and Mmic are the molecular weights of i-mer and micelle. As 
can be seen from Equation (18), the turbidity due to monomer is 
calculated assuminq the second virial coefficient, B, to be zero, 
which seems to be reasonable for the low concentration of solute in 
electrolyte solutions. 
One of the characteristics of a typical micelle-,form'ing 
system is that the first detectable aggregates (micelle) above the 
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CMe may be already quite large. This implies that the intermediate 
species have little stability. 
In contrast to the micellar system, the stability of the 
intermediate sized aggregates in stepwise association 
system' is siqnificant. Therefore, the contribution of 
these low aggregates to the total concentration is significant. 
The simplest association is dimerization, as shown in Equation (20). 
K2 
....... 
2 Al ......... A2 (20) 
K2 = 
[A2J 
2 [A'I J 
where Al is the monomer, A2 is the dimer and K2 is the association 




A2 + Al ....... A3 
K4 
----.:::::::.-
A3 + Al ......... A4 
K • 
. n ........ 
A + Al An (21 ) n-l ......... 
where A3, A4, and An are the concentrations of trimer, tetramer 
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and n-mer, and K3, K4, and Kn are the association constant values 
for the trimer, tetramer and n-mer. Based on the above equations, 
the total concentration cT and total turbidity IT can be repre-
sented by Equations (22) and (23). 
cT = Al + 2A2 + 3A3 + ... nAn 
n 
= A + 2K2[A1J
2 
+ 3K2 . K3 . [A1J
3 + .•. n TT Ki [A1J
n (22) 
1 ;=2 
TT = T + T + Td· + Tt . + .•. T (23) o rno 1 rl n 
where To,Tmo ' Tdi' Ttri , Tn are the turbidity due to solvent, 
monomer, dimer, trimer and n-mer. If all association con'stant 
values are the same, the total concentration can be expressed as 
Equation (24). 
(24) 
For the analysis of the system, the method developed by 
Steiner (69) will be utilized. This method has been used by Attwood, 
et ale (31-34) in the investigation of the self association of 
various antihistamines. In this method, the weight average molecular 
weight, Mw' is related to weight concentration, c(gm/ml) by Equa-
tion (25). 
M d 1n x 
-M- = 1 + d ln c 
w 
(25) 
where x is the weight fraction of compound of molecular weight, M, 
existing as the monomer. Consequently, 




~~ can be obtained by Equation (18). From the graphical integration 
(M/Mw)-l 
of the plot of versus c, x can be obtained at any concen-
c 
tration, c. Based on the values of x at certain concentrations, the 
equilibrium constants, Ki' can be estimated by Equation (27). 
-M n 
I (~_ 1) / !.< c] = 4 K + 9 K • K . (x c) + ... n 2 (IT K.) ( xc) n - 2 ( 27 ) ~xM H_ 2 2 3 H 1=2 1 M 
K2 and K3 can be obtained from the intercept and limiting slope of 
plot 8:~ -1)/ (~c) ] versus (~c). The va 1 ue of K4 can be found 
from the slope of the plot of 
In a similar manner, high equilibrium constants can be 
estimated until a linear slope of the plot is obtained. Once the 
equilibrium constant values are obtained, the total concentration 
for any monomer concentration can be calculated by Equations (22) 
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or (24). Also, the total turbidity can be calculated by addinq the 
experimentally measured solvent turbidity with the turbidity of 
aggregates calculated according to Equation (18). 
IV. RESULTS 
The turbidity, T,cm- l of sodium cholate, sodium tauro-
cholate, sodium glycocholate and sodium deoxycholate in various 
0.15 M sodium halide solutions as a function of concentration has 
been shown in Figures 1-4. The turbidity versus concentration of 
sodium taurodeoxycholate and sodium glycodeoxycholate in C.5H NaCl 
has been shown in Figure 5. In Figure 6, the turbidity of sodium 
cholate in the absence of added electrolytes and in Figure 7, the 
turbidity of sodium cholate in 0.3 M NaC1 and 0.5 MNaCl have been 
plotted as a function of concentration. 
Since all the plots of refractive index versus concentration 
were linear, the plots of sodium cholate and sodium deoxycholate 
in 0.15 M NaC1 are shown in Figures 8 and 9, The 
refractive index increments (dn/dc1)c at constant electrolyte 2 
concentration for the above systems are given in Table 1, 
together with the values obtained by others .. Refractive 
index increments of' various sodium halides in aqueous solution 
are given in Table 2: 
In Table 3, the naphthalene solubility as a function of 
sodium cholate in 0.15 M NaC1 is listed. The solubility data 
has been plotted as a function of concentration in Figure 10. 
Table 1. Refractive Index Increments for Bile Salts 
at 25°C 
(ani ac2) at 436 nm 
- c1 
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O. 191 1 0.167 1 








0.168 2 O. 189 1 0.193 1 
0.172 0.184 0.193 0.193 1 0.2 3 0.1711.0.171 3 
0.172 0.193 
0.165 O. 189 
Table 2. Refractive Index Increments 
for Sodium Halides at 25°C 
Electrolyte 
0.15M NaF O. 1211 O. 132 2 
0.15M NaCl 0.180 0.184 
O.15M NaBr O. 142 o. 142 





Table 3. Naphthalene Solubility as a Function 
of Concentration of Sodium Cho1ate 
in O.15M-NaC1 
cT(mo1/1) NT x 10


















Plot of turbidity, T, vs. concentration, c, mq/ml of NaC in 0.15 M 
Sodium halides. For T, each division reoresents 5 x 10-5 cm- 1. The 
intercepts for HaF(v), fJaC1(4), Na8r(a) and NaI(O) are 4.83 x lO-5~ 
5.07 x 10- 5, 5,32 x 10- J and 5.93 x iO-5 respectively. 
o 10 20 
c (mg/mJ) 
30 







c (mgj ml) 
Plot vs. turbidity, T, vs. concentration, c, mg/ml of NaTC in O.15r1· 
Sodium halides. The division intercepts and symbols are the same 
as Figure 1. 
Figure 2. Turbidity vs. Concentration Plots of NaTC in O.15f.1 r~aX. 
Plot of turhidity, '1', vs. concentr'at;on, c, mq/ml of fiaGC in O.lsr1 
Sodium halides. The division intercepts and symbols are the saAe 





o 10 20 30 
c(mg/ml) 
Fiqure 3. Turbidity vs. Concentration Plots of NaGC in O.15M NaX. 
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o 5 10 15 
c (mg/ml) 
Plot of turbidity, T, vs. concentration, c, mq/ml of NaDC in O.15M 
sodium halides. For T, each division rer)resents 10 x 10-5 cm- l . The 
intercepts and synlbo 1 s are the salfle as Fi gure 1. 
Figure 4. Turbidity vs. Concentration Plots of NaDC in O.15M NaX. 
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Pl at of turb'j di ty, T ~ vs. concentrati on ~ c, mg/ml of NaTDC and NllGDC 












Figure 5. Turbidity vs. Concentration Plots of NaTDC and ~aGDC 





Plot of turbidity, T, vs. concentration, c, mg/ml of NaC in the 
absence of salt. The intercept for water is 4.79 x 10-5. 




Plot of turbidity, 1", vs. concentration, c .. mq/ml of NaC in 0.3r1 and 
O.5M NaCl. The intercepts for O.3t1 -NaC] and b.5M NaCl are 5.34 x 10- 5 
and 5.79 x 10-5 respectively. 









Figure 7. Turbidity VS. Concentration Plots of NaC in 0.3M NaCl 










0 5 I 
c(mg/ml) 
15 20 
Plot of refractive index, n, vs.concentratio~ of HaDC in O.15M NaCl. 
Figure 8. Refractive Index vs. Concentration Plot of WaDe in O.5M NaCl. 
o 5 10 15 
c(mg/ml). 
20 25 
Plot of refractive index, n, vs. concentration, c, mg/ml of NaC in O.15M NaCl. 
Figure 9. Refractive Index vs .. Concentration Plot of NaC in O.15t1· NaCl. 
30 
10 
o~--~----------------------~~~----~---~ o 15 30 45 60 75 
ex I03(mol/l) 
Plot of the equilibrium naphthalene solubility, NT' ~ol/1, vs. the model 
concentration, c, of NaC. 
Figure 10. Plot of the Naphthalene Solubility vs. the Concentration of 
NaC in O. lSf1 NaCl. 
V. DISCUSSION 
The turbidity versus concentration plots obtained from 
various trihydroxy and dihydroxy bile salts are in qualitative 
agreement with previous light scattering work (40, 43, 52). The 
turbidity increasEs slowly at low concentrations followed by a 
rapid increase in turbidity at high concentrations. This abrupt 
increase is usually attributed to micelle formation. 
Some important quantitative differences exist, however, 
between the present results and those of previous investigators. 
Vittelo (43) suggested that the plot of turbidity versus concentra-
tion of bile salts shows a sudden change of slope at a concentration 
corresponding to the CMC. The data obtained in this work would appear 
to be inconsistent with his assumption. Vitello also indicated that 
it is most difficult to obtain a reliable value of turbidity in the 
vicinity of the CMC due to high experimental error in this region. 
necause of this, Vitello developed an it·!rative procedure to obtain 
a self consistent value for the CMC. In order to accomplish this, it 
was dssumed that the second virial coefficient for the micelles is 
zero. However, this might be a severe assumption in view of th? fact 
that the micelles are charged and the salt concentration is relatively 
low. 
On the other hand, Fontell (52) suggested that there are three 
stages or concentration limits over which micellization occurs. For 
trihydroxy bile salts, these limiting concentrations are: 
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l ' , . -2 -2 Hl1lt 1, 1.0-1.5 x 10 M; limit 2, 4-5 x 10 "M; and "limit 3, 
-1 1.1-1.2 x 10 M. For dihydroxy bile salts these 1imitinq concentra-
tions an~: limit 1,4-5 x 10-3~1; limit 2,9-10 x 10-3M; and limit 3, 
-2 4-5 x 10 M. These concentration limits are presumed to be inde-
pendent of salt concentration. The above model implies that the 
plot of turbidity versus concentration should show abrupt changes 
in slope at these concentration limits due to the sudden increase 
in the size of aggregates. Examination of Figures 1-7 for the 
various bile salts show that there is no indication of these abrupt 
changes. All the plots show a smooth curvature especially in 
low concentration ranges. That this transition region is continuous 
has been made very clear "in the plots showing the low concentration 
regions. Similar conclusions concerning this point have been 
reached by Vitello (43) based on light scattering work and by 
Mukerjee and Cardinal (44) based on the variation of naphthalene 
solubility as a function of sodium cholate concentration. There-
fore, the concentration limit model appears to be an unreasonable 
model for bile salts self-association. 
Based on the above discussion and the points mentioned in 
the introduction of this thesis, it seems appropriate to consider the 
nature of bile salt self-association according to the two models; 
the monomer-micelle equilibrium model and a stepwise a~sociation 
model (44). 
For the present work, the light scattering data are 
analyzed based on these two models in the following sections. 
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A. ~onomer-Mi ce 11 e Equ i Li.b}"; U11, t-1:..od~ L 
Traditionally, the analysis of light scattering data obtained 
from micellar systems has been based on Equation (7) as derived by 
Debye (18). This Equation is known to be valid for a two component 
system containing solvent and uncharged colloidal particles. For 
systems containing added electrolytes and charged particles, 
corrections must be made for the effects due to negative adsorption 
(66). In the area of bile salt self·association, both methods of 
analysis have been utilized previously. For the purposes of compari-
son, the present light scattering data will be analyzed utilizing 
both methods. 
In the analysis, the results obtained from sodium tauro-
cholate in 0.15 M NaCl are discussed in detail, as the results for 
other systems are qualitatively the same. 
As mentioned previously, one of the characteristics of a 
monomer-micelle equilibrium system is the existence of a CMC. 
Commonly, the CMC in light scattering work is estimated byextrapo-
lation of ~he pre- and post-CMC branches of the plot of turbidity 
versus concentration. In a typical micellar system the CMC appears 
clearly as a "break" on such a plot. However, as shown in 
Figures 1-7 and Figure 11, a high degree of curvature exists in the 
CMC region in these plots for the bile salt solutions. This causes 
significant variations in the value of th~ CMC depending on the 
method fo extrapolation. For example, if the extrapolation of the 
data in Figure 11 is made utilizing the data obtained in the 








Plot of turbidity~ T, vs. concentration, c, mg/ml of NaTC in O.15M 
NaCl. (I) and (II, represent different values of the CMC. Solid 
lines are experimental values and broken lines represent the results 
calculated based on monomer-micelle model. 
Figure 11. Turbidity vs. Concentration of NaTC in O.15M NaCl. 
of CMC is 1.5 x 10-3 (gm!ml), 
-~ 4.82 x 10 ..., (gm/ml) is obtained 
while a 
from 
value CMe II of' 
the extrapolation 
of the data of the whole concentration range is utilized 
in the extrapolation. Similar variations in the CMe have been 
noted previously in the review article by Small (12) and from the 
solubility data of Mukerjee and Cardinal (44). For the present 
calculation, the value of 4.82 x 10-3(gm/ml) was accepted for the 
CMC. This was obtained by extrapolation of very low concentration 
range and the concentration range higher than 8.0 x 10-3 (gm/ml) 
53 
as shown in Figure 11. This value is consistent with most literature 
values (43, 48). -5 -1 The turbidity at the CMe is 7.45 x 10 cm . 
Using these values of the turbidity ana the CMC, the micelle 
molecular weight can be obtained according to Equation (7). This 
plot has been shown in Figure 12. From the intercept of this plot, 
the micelle molecular weight of sodium taurocholate in 0.15 M NaCl 
was found to be 3.07 x 103, which corresponds to an aggregation 
number of 5.7. From the slope of the plot, the second virial 
-4 2 coefficient was found to be 8.1 x 10 mol:,ml/gm. 
To determine the extent to which the monomer micelle model 
gives a true representation of the nature of the self-association 
of sodium taurocholate, a comparison between the experimental curves 
and those obtained by calculation according to Equations (16-19) 
will be made. In order to calculate total turbidity at any concen-
tration c, it is necessary to combine the turbidity due to monomer 
and micelle calculated by Equations (18, 19) with the experimentally 
measured turbidity of solvent. The value of equilibrium constant 
5 
4 
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~c (tng/tnl) 
Plot of H~C/~t vs. ~C of NaTC 
Figure 12. Plot of H~C/~T vs~ ~c of NaTC Based on the Monomer-Micelle Model. 
shown in Equation (16) is obtained by fitting the experimental 
curve. This value varies with the concentration used for the 
fitting. If the concentration of 10 mg/ml is used for the 
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fitting, the equilibrium constant, 7.92 x 108 is obtained, while the 
fitting at 22 mg/ml, gives 4.91 xl010 for the equilibrium constant. 
For the purposes of comparison, the total turbidity as a function of 
concentration was calculated by utilizing the above two values of 
equilibrium constant. 
Figure 11 gives a comparison of experimental curves and 
calculated results using the equilibrium constant, 7~92 X 108 , 
wh{ch is obtained at an experimental concentration of 10 mg/ml ~ As 
can be seen from this plot, the calculated turbidity curve shows 
reasonable agreement with the experimental curve in the low concen-
tration region. At higher concentrations, the calculated curve shows 
significant disagreement from the experimental curve. Figure 13 
shows the comparison between the experimental curve and the curve 
calculated by using the equilibrium constant, 4.91 x 1010 . 
In contrast to the results shown in Figure 11, reasonable agreement 
between the experimental curve and the calculated curve is found 
only in the high concentration region. 
Based on similar procedures, the light scattering data 
obtained from sodium cholate and sodium deoxycholate in 0.15 M NaCl 
have also been analyzed according to the Oebye method. As shown in 
Table 4, the aggregation numbers for these systems are also in 
agreement with the values in the literature. However, these systems 
also showed a similar trend of disagreement from the experimental 
Table 4. Summary of Aggregation NUll1bet"s fot" NaC, 
NaDC , and NaTC Micelles in 0.15M NaCl 
Bile Salt pH 





Sodium Deoxycholate 10 + 0.2 
8-9 
? 



































c (m9/ ml) 
CQlilparison of the experinental turbidity of NaTC in O.15~1 NaCl 
wltn the calculated values obtained by experiments as a functlon 
of concentration. 
Figure 13. Comparison of the Exper"il:lent::ll Turbidity of NaTC \·Jith 
the Results Cnlculuted Gased on i'.10norler-t1icelle t1odel. 
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results as observed in sodium tautocholate whencomoared with the 
calculated curves. Such disagreement may be due to the assumption 
of a monomer-micelle equilibrium model. In order to investigate 
this point in further detail, these. data were analyzed 
according to ,the monomer-micelle equilibrium model by the method 
of Vrij and Overb~ek (66). 
In the analysis of sodium taurycholate in O~ 15 M sodium 
halides based on the Vrij and Overbeek approacll, apparent micelle 
molecular weights were obtained according to Equation (7)~ These 
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apparent micelle molecular weights are plotted according to Equation 
(12) to obtain the true micelle molecular weight as shown in Figure 
14. Based on Equation (12), the apparent micelle molecular weight 
is to be plotted against (dn/8c2)c " However, as Huisman (18) 
,1 
pointed out, it is more appropriate to make the plot IM* versus 
The micelle molecular weight was found to be 3490 
which corresponds to an aggregation number of 6.5. The apparent 
micelle molecular weights and the values of M2(3n/dc2)c 1 
necessary for plotting, according to Equation (12), are shown 
in Table 5. 
In order to compare the experimental results with the calcu-
lated curves, the turbidity as a function of concentration was 
obtained by the same procedure mentioned above. In the calculation, 
l' the equilibrium constant, 1.23 x 10 I, was used. This value was 
obtained by fitting the experimental curve for sodium iodide at a 
concentration of 15 mg/ml. The second virial coefficient, 
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Table 5.' Sodium Taurocholate Results from the Vrij-
Overbeek·-Hui snJa n Trea tment 
O. J 5M Sa 1 t r.'2 (a n/u,c2 ) c 1 ~W Agg. # C. ~1. C. (gm / m 1 ) HI 
NaF 5.6 56.65 5.97 4.75 x 10 -3 7.2 x 10-6 
NaC1 10.35 55.36 5.70 4.82 x 10-3 6.8 x 10-6 
NaBr 15.20 54.86 5.60 4.35 x 10-3 6.4 x 10-6 
NaI 23.0 50.38 4.72 4.70 x 10-3 5.8 x 10-6 
Tdb1e 6. Sodium Cho1ate Results from the 
Vr;J-Overbeek-Huisman Treatment 
O. 15t4Sa it r'42 ( ani ac2) c M* Agg. # c.r~.c. (gm/m1) H' 1 
NaF 5.6 46.60 5.0 4. 1 x 10-3 9.91 x 10-6 
NaCl 10.35 46.57 5.0 4.3 x 10-3 9.75 X 10-6 
Nal3r 15.20 44.71 4.6 4.5 x 10-3 9.57 -x 10-6 
NaI 23.0 45.32 4.8 4.45 x 10- 3 9.28 -x 10-6 
Table 7. Sodium Deoxycholate Results from the 
Vrij-Overbeek-Huisman Treatment 
0.15M Salt r~2 (a n/ac2) c 1 M* Aqg. # C.r~.C. (gm/m1) H' 
"I 
10-6 NaF 5.6 81.2 15.9 1.70 x 10-..) 9.67 x 
NaC1 10.35 80.3 15.6 1 .73 x 10 -3 9.23x 10 -6 
NaBr 15.20 77.3 14.4 1 .86 x 10-3 8.78 x 10-6 
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from four systems. For the ca 1 culati on of turbi di ty due to the 
micelle~ the value of HI for each sodium halide solution was 
obtained by Equations (8) and (10). This value can then be utilized 
together with Equations (8), (16) and (17) to calculate the turbid-
ity versus concentration curves. As can be seen from the above 
treatment, all the parameters for each halide are the same except 
for the value of H'. 
In Figures 15 and 16, comparisons between the calculated and 
the experimental results for the four different sodium halides are 
made. As can be seen from Figures 15 and 16, at low concentration 
the calculated turbidity is lower than the experimental values, while 
at intermediate range of concentration the calculated turbidity is 
higher than the experimental values. At high concentrations, the 
calculated turbidity shows the tendency to be lower than the 
experimental turbidity. If other consistent values are chosen for 
the second virial coefficient, the aggregation number and the 
equilibrium constant, the region of disagreement between the calcu-
lated and experimental curves will be different. However, it is 
impossible to obtain a consistent set of parameters to fit the 
experimental curves. 
This type of comparison between the experimental results and 
the calculated curves is also made for sodium cholate and sodium 
deoxycholate. From the analysis of the sodium cholate data in 
0.15 M-sodium halides, the aggregation number of 5.1, averaqe second 
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COlaparison of the experimental turbidity with the results calculated 
from monomer-rnicelle r.lOdel as a function of concentration of f4aTC in 
0.15j'·1 NaX. The division, interce~ts and symbols are the same as 
Figure 1. Solid lines reoresent the exnerimental values and broken 
lines are calculated resuits. . 
Figur-e 15 . Comparison of the ExpeY'imental Turbidity of NaTC with 
the Results Calculated by Vr'ij-Overbeek-Huisman Treat-
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Comparison of the eXflerimental turbidity in low concentrations of 
NaTC in a.15M NaX with the results calculated from monomer-micelle 
model. For t, each division renresents 2 x la-~ em-I, All the 
symbols and the intercepts are ~he same as Figure 15. 
Figure 16. Conlparison of the Experimental Tur'bidity in Lmv Concen-
trations of IJaTC \fJith the Results Calculated by Vrij-
Overbeek-Hui sr:lan Treatment of the f1onomer .. r'1i ce 11 e j'1ode 1 . 
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7 
4.9 X 10' were obtained. The association constant was obtained 
by fitting at the experimental curve of sodium iodide at a concen-
tration,lO mg/ml. From the analysis of sodium.deoxycholate systems, 
the aggregation number, 17, average second virial £oefficient, 
6.36 x 10- 4 mol~ml , and association constant, 2.216 x 1037 , were 
gm 
found. This association constant value was obtained by fitting the 
experimental curve of sodium bromide at a concentration of 10 mg/ml. 
The results of these analyses are summarized in Tables 6 
and 7. Figures 17-20 show the comparisons between the calculated 
results and the experimental values. It can be seen from Figures 
17-20 that the calculated curves again show qua1'itative agreement 
with the experimental curves but quantitative ~greement could not 
be obtained. Such ~isagreement in sodium deoxycholate appear~ to 
be much great~r than in the case of the trihydroxy bile salts. 
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o 5 10 15 
c (mg/ml) 
Comparison of the experimental turbidity of NaC in O.15M NaX with the 
results calculated from nonomer-micelle model. Each division, the 
intercepts and symbols are the same as Fi9ure 1. 
Figure 17. COMparison of the Experi~ental Turbidity of NaC with 
the Hesults Calculated by Vrij-Overbeek-Huisrnan Treat-








10 30 40 
c(mg/ml) 
COlllfJarison of the experimental turbidity of ~aC in a O.15~' NaX "/ith 
the results cillculated froln5mono11~ler-micelle nodel. For T, eClch 
division reoresents 1 x 10- CM-. The symbols and intercepts are 
the same as Figure 1. 
Finure 18. Comparison of the Experi~ental Turbidity in Low Concentra-
tions of r~aC with the nesults Calculated by Vrij-Overbeek-
Huisman Treatnent of the ~1onon1er-nicellar r1odel. 
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o 5 10 15 
c(tngjrnl) 
COBlparison of the exnerirlental turbidity of tJaDC in O.15~1 NnX 'v/ith 
the results calculated fron monol11er-r.licelle I'lodel. The division, 
intercerts and symbols are the same as Figure ~-. 
Figure 19. ConparisQn of the ExperiMental Turbidity of NaDC with 
the Results Calculated by Vrij-Overbeek-HuisMan Treat-






c ( mg / rnl ) 
Comparison of the experimental turbidity of NaDC in 
the resul ts calculated fronl5monOUler-rnicelle model. 
division represents 5 x 10- em-I. The intercepts 
the same as Figure 4. 
4 
O.lS!'-1 NaX v/ith 
For T, each 
and symbol s are 
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Fifjure 20. Comparison of the Exper"imental Turbidi ty in the Concen-
trations of NaDC with the r~esults Calculated by Vrij-
Overbeek-Huisf11an Treatment on the r1onol~ler-r1icellar nodel. 
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B. Stepwise Association Model 
In order to examine the light scattering data according to 
the stepwise association model, the method of Steiner (69), as 
described previously, will be utilized. The experimental data are 
the same as used previously in the analysis of the monomer-micelle 
equilibrium model. Since the method of analysis for all bile salts 
followed the same procedure, only the data for sodium taurocholate 
is O.15M NaCl will be discussed in detail. For the other bile salts, 
only the modifications from this procedure will be described. 
According to Equation (26), the values of the monomer frac-
tion, x, can be obtained from graphical integration as shown in 
Figure 21. Based on Equation (27), the association constants, K2 and 
K3, were obtained as 35 and 312, respectively. Figure 22 shows the 
plot used to obtain these values. As can be seen from Figure 22, the 
limiting slope of the plot increases linearly while at higher values 
of (~c) the plot shows an increasing curvature. This curvature of 
the plot is due to the existence of higher aggregates in the system. 
The next p:ot for the association constant of K4 was made as shown 
in Figure 23. Normally, the values of K3 and K4 can be obtained from 
the intercept and the slope of the plot as explained before. As can 
be seen from Figure 23, the valu~ of ~3 is reproduced from the inter-
cept. However, the limiting slope of the plot is near zero, which 
means that the value of K4 is nearly zero or relatively small with 
respect to K2 and K3. On the other hand, it can also be seen on the 
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Plot of (MW/xM-l)/xc/M VS. xc/r1 for NaTC in O.15M NaCl. 
Figure 22. Plot of [(r'w/xM-1)/xc/M vs. xc/M for NaTC .. 
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Plot of [U\/x!'1-l )/xc/r11)2] - 4K2/xc/r1 vs. xc/t1 for NaTC in O.15M NaCl. 
Fiqure 72, Plot of [n\/x~1 :-1 )/(xc/t1)2] - [4K2/~c/tnJ vs. xc/~1 for ~aTC. 
This rapid increase of the slope- at higher values of (~~.) suggests 
that aggregates larger than the tetramer must exist in solution. 
To determine the size and association constants for these 
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higher aggregates, the procedure as outlined above is not applicable 
since reliable estimates of K4 cannot be obtained. However, based on 
the qualitative agreement between the experimental results and the 
monomer-micellar model discussed previously, as well as the results 
mentioned above, it seems reasonable to assume the possible existence 
pf higher aggregates. This suggests that the total' eq~ivalent 
concentration cT for sodium taurocholate in 0.15 M NRCl may follow 
a model given by Equation (28). 
c ;: T 
where q is the aggregation number of large aggregates and KS is 
the overall association constant for q-mer. The concentration of 
intermediate sized aggregates is assumed to be small. 
In order to test this model against the experimental results, 
it was necessary to develop a method by which the average size of 
thi~ higher aggregate could be determined. 
In the literature, Mysels and Princen (73) discussed a 
similar problem in the investigation of the micellar size of sodium 
lauryl sulfate (NaLS). As discussed in the introduction of this 
thesis, it was suggested that monomeric ions of NaLS exist in 
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equilibl"ium with lauryl sulfate dirners below the Cr-1C (17).· Based 
on the above suggestion, Mysels and Princen (73) argued that the 
turbidity at the CMC of NaLS should be the sum of the turbidities 
due to solvent, monomer and dimer of NaLS. However, they could not 
measure the turbidity at the C~1C because of experimental difficulties. 
Therefore, they used the calculated turbidity due to monomer, dimer 
and trimer' in making the Oebye plot to find out the size of the NaLS 
micelle. 
In the analysis of the light scattering data for the present 
system according to the model depicted by Equation (28), a proce-
dure similar to that of Mysels and Princen (73) has been followed; 
that is, the concentration of monomer, dimer and trimer was used 
as Co' and the turbidity due to solvent, monomer, dimer and trimer 
was used as Lo in Equation (9). Co \vas obtained by Equation (22). 
L was obtained by adding the experimentally measured solvent turbid-
o . 
ity to the turbidity due to monomer, dimer and trimer calculated 
according to Equation (18). 
It is important to mention that for any given value of cT' 
the monomer fraction at that cT is known from Equation (26). This 
means that the quantity (C-Co) and the (L-TO) in Equation (9) 
correctly represent the concentration and excess turbidity of the 
higher aggregates. Based on the abov~ treatment of data, the plot of 
~/:,~ versus /:,c was made according to Equation (9) as shown in 
oT 
Figure 24. From the intercept of the plot, the molecular weight of 
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Plot of H~C/~T vs. ~c for NaTC in O.15M· NaCl obtained froM stepwise association model. 
Figure 24. Plot of the Experimental Turbidity of NaTC with the Results Calculated Based on 






found to be 3617, which corresponds to the aggregation number 6.7. 
From the slope of the plot, the second virial coefficient was 
obtained as 1.2 x 10-3 mOl~ml . 
gm 
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Based on the above analysis, a comparison between the experi-
mental turbidity curve and the curve obtained by calculation accord-
ing to Equations (18, 19, 26, 28) can be made to determine the extent 
of agreement between these two curves. In the calculation, the 
equi 1 i bri urn constant was obta i ned by fi tti ng the experimenta 1 CUl"'ve. 
In contrast to the monomer-micelle equilibrium model, this value did 
not vary significantly with the value of cT used in fitting. 
Figure 25 shows the comparison between calculated results 
and the experimental curve. For the present calculation, the equi-
librium constant for the formation of the high aggregates, KS' was 
found to be 7 x 1012 . As can be seen from Figure 25, these two 
curves show excellent agreement with no systemic deviation as was 
observed with the monomer-micelle equilibrium model. 
Based on the same procedure described above, the light scatter-
ing data o~tained from sodium cholate and sodium glycocholate in 
0.15M-NaCl were analyzed. In the calculations of turbidity as a 
function of concentration, the equilibrium constants, 5.19 x lOll, 
for sodium cholate and 1.37 x 1016 for sodium glycocholate were 
obtained by fitting the experimental values at a cT of 10 mg/ml. 
Table 8 shows the results obtained from the above systems. As 
can be seen from Table 8, the size of large aggregates is not signifi-
cantly changed by the conjugation of the bile salts. However, the 
association constants for dimerization seem to be higher for 







Comoarison of the exreriMental turbidity of NaTC in O.15M NaCl 
with the results calculated from ste~wise association nmdel. 
Solid lines are experimental values and curcles are calculated 
results. 
Figure 25. Co~parison of the Experimental Turbidity of NaTC with 





Table 8. Results Obtained from Bile Salts in O.lSM NaCl 




o. 15r~ NaCl K2 K3 K4 B r~ Agg.# w 
Sodium Taurocholate 35 312 0 1 . 18xl 0 -3 3616 6.7 
Sodium Cholate 6.9 256 0 5.39xlO-3 3113 7.2 
Sodium Glycocholate 34 200 0 2.15xlO -3 3490 7.2 
Sodium Deoxycholate 313 871 1286 7.82xlO- 3 6940 16.7 
Sodium Taurodeoxycholate 6825 7163 2.94xl04 1.23xlO-4 1.3xl04 2S.0 
Sodium Glycodeoxycholate 500 778 1366 3.32xlO-4 8498 18.0 
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the conjugated bile salts. This increased dinlerization of the conju-
gated bile salts compared with the free bile salts may be due to 
the reduced charge repulsive interactions between the monomers as a 
result of elongation of the side chain. The origin and consequences 
of these charge repulsions on the dimerization constant have been 
discussed in detail by Mukerjee and Cardinal (44). Figures 26 and 
27 show the comparisons between the calculated results and the 
experimental values for the above systems. As can be seen from these 
figures~ the calculated results also show excellent agreement with 
experimental curves throughout the concentration range studied. 
The light scattering data on the dihydroxy bile salts such 
as sodium deoxycholate, sodium glycodeoxycholate and sodium tauro-
deoxycholate in O.15M-NaCl have also been analyzed according to the 
method of Steiner. As can be seen from Figures 4 and 5~ the turbidity 
of these systems increases ver'y rapi dl y wi th concent rat ion. Because 
of this, reliable values of monomer fraction x, and the molecular 
weight, r'1
w
' in the low concentration range necessary for the analysis 
could not be obtained. Plotting of the experimental data according 
to the method of Stei ner, gi ves a fa i r amount of scatter in the 
points. 
Therefore, it was necessary to develop a new analysis tech-
nique to obtain a consistent set of association constants. Utilizing 
approximate values of x and Mw' the approximate value of K2 can be 
obtained from the intercept of the same type of plot as Figure 28. 
Using this value of K2, the same type of plot as Figure 29 can be 
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Comparison of the experimental turbidity of NaC in O.15M NaCl with 
the results calculated from ste~wise association model. The symbols 
are the same as Fiqure 25. 
Figure 26. Comparison of the EXDerimental Turbidity of NaC with 
the Results Calculated Based on Stepwise Association 
Hodel. 





Comparison of the experimental turbidity of NaGC in O.15M NaCl 
with the results calculated fro~ stenwise association model. 
The symbols are the same as Figure 25. 
Figure 27. Comparison of the [xnerimental Turbidity of NaGC \:'Iith 
the Results Calculated Based on Ste~wise Association 




Plot of [U\,/ xrv1) -. , JI xc/f1 vs ~ xc/t1 for NaDC in o. 15t1 Na Cl 
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" Plot of [(r~w/x~1 - 1 )/(xC/t·1)L J - 4-K2/xc/r~ vs. xc/~'1 for NaDC in 0.15;1 NaCl 
Fiqure 29. Plot of [(f\1w/xM - 1 )/(xc/f'1)21- [4K2/(xc/r~)J vs. (xcP1) for NaDC. 
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of limiting slope will be scattered on the plot. However, an estimate 
of the l'imiting slope can be dr·awn. Based on this line, new va'lues 
of x and t"w can be found to fit the data to the limiting slope. 
Utilizing these new values of x and M
w
' the data are reanalyzed unti'l 
a consistent set of association constants is obtained. 
The analysis results are shown in Table 8. As can be seen 
from Table 8, the nature of self association of dihydroxy bile salts 
is remarkably different from that of trihydroxy bile salts. First of 
all, dihydroxy bile salts form a tetramer as well as dimer and trimer. 
As an example, the plots for the values of K2, K3, K4, and KS of 
sodium deoxycholate inO.15M NaC1 are shown in Figures 28-30. As 
can be seen from Figure 30, the limiting zero slope appeared on the 
plot for association constant of the pentamer. Also, the slope at 
higher values of (~c) of the plot is shown to increase abruptly as 
an indication of the existence of large aggregates. 
At the same time, the values of K2 and K3 are significantly 
higher than those in the trihydroxy bile salts. Also the aggrega-
tion numbers of large aggregates formed by dihydroxy bile salts are 
substantially higher than those formed by the trihydroxy bile salts. 
The greater tendency toward self association of the dihydroxy bile 
salts compared to trihydroxy bile salts can be attributed to the 
greater hydrophobicity of these bile salts. 
The comparisons between the calculated results and the 
experimental values of the above systems are shown in Figures 31-33. 
In the calculation, the equilibrium constants, 2 x 1047 , for sodium 
deoxycholate, 8 x 10S2 for sodium glycodeoxycholate and 1.2 x 1095 
15 ,... I I I -
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Com!)arison of the experimental turbidity of NaDC in O.15f1 NaCl 
\<Jith the results calculated from stel)vlise association model. 
The symbo 1 s a re the same as Fi g'u re 25. 
Figure 31. Comparison of the Ex~eriMental Turbidity of NaDC with 
the Results Calculated Based on Stepwise Association 





Cor:lparison of the experirnental turbidity of NaGOC in O.lSt·1 NaCl 
with the results calculated from stepwise association model. The 
symbo 1 s a re the saP1C as Figure 25. 
Figure 32. Com[)arison of the Experimental Turbidity of NaGDC 
with the Results Calculated Based on Steowise 










Compflrison of the experimental turbidity of NaTDC in O.15~' NaCl 
\'1ith the results calculated from stepwise association nodel. The 
symbols are the same as Fiqure 25. 
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Figure 33. Comparison of the Experimental Turbidity of NaTDC with 
the Results Calculated Based on Stepwise Association 
t·1ode 1 . 
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for sodium taurodeoxycholate !;Jere lIsed, which had been obtained by 
fitting experimental curves at 9 mg/ml. Similar correlations 
between exper"imental resu'lts and calculated values ~~ere 
obtained (Figures 31,32,33) as \'las observed from the trihydroxy 
bile salts. 
To further ~nvestigate the validity of this model for the 
self-association of the bile salts, some of the light scattering 
data were analyzed by correcting for the effects of n2gative adsorp-
tion. Since all the results are qualitatively the same, only the 
analysis of sodium taurocholate in O.15M NaX will be discussed in 
detail. In order to correct for the effect of negative adsorption 
on the large aggr~gates as outlined by Vrij and Overbeek (66), all 
low aggregates were assumed to be a part of the supporting e1ectro-
lyte in the same way as the monomers are assumed to be a part of the 
supporting electrolyte in the treatment of the miceilar model (18). 
This assumption seems to be reasonable since the small aggregates 
carry the same charge as the large aggregates and therefore, should 
be excluded from the electrical double layer of the large aggregates. 
This means that the fluctuations of the small aggregates should be 
independent of the large aggregates. Based on this assumption, the 
plot M* versus M2(a n/(1c2)c was made by the same procedure as 1 
described for the micellar model to determine the true molecular 
weight of large aggregates formed by sodium taurocholate. For this 
plot, the values of ~1* was obtained by Equation (9). Figure 34 




Figure 34. Plot of M* vs. M2(3n/ac2)C1 for NaTC Obtained by Ste~wise Association Model. 
weight was found to be 4120, which corresponds to the aggreqation 
number 7.7. 
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In order to see the agreement between the curves obtained by 
experiment and calculation, the total turbidity as a function of 
concentration will be calculated. In the calculation of total 
concentration according to Equation (28), average values of the 
association constants obtained from four sodiwn halide solutions were 
used. The value q KS in Equation (28) was found to be 5.5 x 1014 
by fitting the experimental value of the sodiuni chloride system at 10 
mg/ml. The turbidity due to monomer, dimer, trimer were obtained by 
the same procedure described above. The turbidity due to large 
aggregates were cc:lculated by using different HI values obtained by 
Equations (10-12) as described in the monomer-micelle equilibrium 
model. The average second virial coefficient obtained from four 
sodium halide solutions was used. All the results are summarized in 
Table 9. Figures 35 and 36 show the comparison of the calculated 
values with the experimental curves. The results calculated 
based on only the different values of HI for four systems 
show the excellent correlation of this model with the experi-
mental results. 
Based on the same procedure, the light scattering data 
obtained from sodium cholate, sodi 1lm g.lycocholate and sodium deoxy-
cholate in 0.15M NaX were analyzed. The results including the overall 
equilibrium constant values obtained by fitting one of the experimental 
curves are shown in Tables 10-12. Figures 37-42 show the comparison 
between the caltulated results and experimental curves. These 
figures show the excellent agreement between the calculated results 
and the experimental curves. This is further proof of the validity 









Comparison of the experimental turbidjty of NaTC in O.15M NaX with 
the results calculated from stcQwise association model. The division 
and intercents at'e the same as ~··i~Jure 15. Solid lines Y'eoresent 
experi~enta1 values and circles are the calculated values. 
Figure 35. Comparison of the ExperiPlental Turbidity of NaTC with 
the Results Calculated by Vrij-Overbeek Treatment of 
Stepwise Association Model. 
c (mg/m f) 
Expanded plot of Figure 35 at low concentrations. The division and 
intercepts are the same as Figure 16. 
Figure 36. Comparison of the Experimental Turbidity in Low Concen-
tration of NaTC with the Results Calculated by Vrij-
Overbeek Treatrnent of Stepwise Association t1odel. 
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Table 9. Sodium Taurocholate Results from the 
Vrij-Overbeek-HuisrnCtn Treatment Based on 
Stepwise Asso:iation Model 
* 
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244 1.2lx10-3 3946 7.4 0.162 7.24 ;<10-6 
312 1.18x10-3 3617 6.7 0.158 6.86 x10 -6 
350 1 . 18x1 0 -3 3370 6.3 0.154 6.48 x10-6 
239 1.32x10 -3 3190 5.9 0.146 5.89 x10 
286 1.22x10-3 4121 7.7 
Table 10. Sodium Cholate Results from the Vrij-




O. 15 r~ Sa 1 t K2 K3 B Mw Agg.# (an/dcl)~ HI 
NaF 8.5 294 4.00x10 -3 3174 7.4 0.188 9.66.xlO -6 
NaC1 6.9 256 5.39xlO-3 3113 7.2 0.184 9.26.xl0-6 
Nahf' 7.0 302 3.53xl0 -3 2594 6.0 0.180 B.85 x10 -6 
Nol 6.5 319 4.61xlO -3 2781 6.5 0.173 8.2 x10- 6 




Table 11. Sodium Glycocholate Results from the 
Vrij-Overbeek-Huisman Treatment Based on 
Stepwise Association Model 
O. 15 M Sa 1 t 1(2 K3 B r~w * Agg .1¥ {an/dc, )11 
96 
HI 
NaF 34 243 2.38x10- 3 3896 8.0 O. 184 9.26 x10-6 
NaC1 34 201 2.15xlO -3 3486 7.2 O. 181 8.95 xl0 -6 
NaI 35 191 2.32x10- 3 3369 6.9 0.172 8.18 xlO-6 







Table 12. Sodium Deoxycholate Results from the 
Vrij-Overbeek-Huisman Treatment Based on 
Stepwise Association Model 
B 
300 815 1364 1.05xlO-3 7351 17.7 0.187 
313 871 1286 7.82xlO-4 6940 16.7 0.183 
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c( mg/ml) 
Comparison of the experimental turbidity of NC in O.15M NaX with the 
results calculated from steowise association model. The division 
and intercept are the same as Figure 1. The symbols are the same as 
Figure 25. 
Figure 37. Comparison of the Experi~ental Turbidity of NaC with the 







o 2 3 4 
c(mg/ml) 
Expanded plot of Figure 37 at low concentrations. For T, each 
division represents'l x 10-5 cm- 1 
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Figure 33. Comparison of the Experimental Turbidity in Low Concentra-
tion of the r~(lC with the Results Calculated by Vrij-










COli1oarison of the exnerir.lental turbiditv of NaGC in O.15~'1 NaX vlith 
the' results calculated froM steowise as~ociation model. The division 
and intercent are the same as F';qure 15. The symbols are t~le sarYle 
as Figure 3~. 
Figure 39. Comparison of the Experimental Turbidity of r!aGC "lith the 
Results Calculated bj Vrij-Overbeek TreatMent of Steowise 
Association Model. 
o 2 3 4 
c(mg/ml) 
Expanded ~lot of Figure 39 at low concentrations. The division 
and intercepts are the same as Figure 33. 
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Figure 40. Comparison of the Experimental Turbidity in Low Concen-
trations of NaCe \l/ith the Results Calculated by Vrij-
Overbeek Treatment of Stepwise Association Model. 
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o 10 15 
c(mg/mf) 
Comparison of the experimental turbidity of NaDC in O.15M NaX with 
the results calculated from step\-/ise association mode"'. The d-ivision 
and intercepts are the same as Fi9ure~. The symbols are the sa~e as 
Figure 35. 
Fi 9u re 41. Compa ri so n of the Experi nen ta 1 Tu rbi d i ty of tJa DC vii til the 
Results Calculated by Vrij-Overbeek TreatMent of Stepwise 
f\ssociation ~1odel. 
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2. 3 4 
c ( mg / m I) 
Expanded ~lot of Figure 41 at low concentrations. The division and 
intercepts are the same as Figure 20. 
Figure 42. Com~arison of the Experimental Turbidity at Low Concen-
trations of NaDC with the Results Calculated by Vrij-
Over bee k Trea tment of Step"·!; se As soc i at i on t·lode 1 . 
103 
C. Effects of Ionic Strength 
The ionic strength effects on the nature of self-association 
of sodium cholate will be discussed based on the light scattering 
results obtained from sodium cholate in the absence of salt and in 
0.15M NaCl, 0.31·1 NaCl and 0.5~1 NaCl. Figures (1,6,7) show the 
turbidity as a function of concentration of sodium cholate in the 
above systems. These data have been analyzed based on the stepwise 
association model described in the previous section. Figures (26, 
43, 44, 45) show the comparison between the calculated values and 
the experimental curves. As can be seen from these figures, all the 
calculated curves show excellent agreement with the experimental 
values except in the absence of salt system. In the absence of salt, 
the calculated values show a reasonable agreement with the experi-
mental curve at low concentration range. In the high concentration 
range, the calculated turbidity is much lower than the experimental 
values. This disagreement may be due to non-ideality effects in the 
system. 
Tr~ non-ideality affect on the pattern of the self-association 
of sodium cholate have been discussed previously by Cardinal (30). 
For the case of dimerization, he has shown that non-ideality effects 
arise primarily from two sources' namely, i) the effects arising from 
the variations in the degree of overlap of the ionic atmospheres 
of the charges of the cholate dimer as the ionic strength 
of the medium increases, and ii) the effects arising from the, varia-









20 ' 30 
c( mg/ml) 
Comparison of experimental turbidity of NaC in the absence of salt 
with the results calculated fror.l step\'lise association model. The 
symbols are the same as Figure 35. 
Fiqure 43. Comparison of the Experir.1ental Turbidity of NaC in the 
Absence of Salt with the Results Obtained Based on 
Stepwise Association t1odel. 
lOS 
O.5M NaC! 
o 10 20 30 
c (rng / m J ) 
Comparison of experimental turbidity of NaC in 0.3 and 0.5 ~1 NaCl 
\-/ith the results calculated from steplttise association model. The 
division and intercepts are the same as Fiqure 20. The symbols are 
the sa~e as Figure 35. 
Figure 44. Comparison of the Experimental Turbiditv of NaC in 
O.3t1 and O.5t1 NaCl "lith the Results Obtained Based 





o 4 5 
Expanded plot of Figure 44 gt loy concentrations. For T, each 
division represents 5 x 10- cm-. The symbols are the same as 
Fi'lure 35. 
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Figure 45. Comparison of the EX'1crimental Turbidity in Low Concen-
trations of l~aC in O.3t-1 and O.5t·1-NaCl with the Results 
Obtained Based on Stepvrise Association ~1odel. 
107 
of the cholate dimer as a function of ionic strength. For this 
second effect he has shown that as the ionic strength decreases, the 
size of ionic atmosphere wi"ll increase according to the usual Oebye-
HUckel treatment (72). This will create an"additional repulsive 
force to dimerization at low ionic strengths. Based on this analysis, 
he predicted that these two effects could lead to an increase in the 
dimerization constant by as much as a factor of 10 on-going from 
an ionic strength of about 0.01 to about 0.25. By comparison of the 
values given for K2 for the absence of salt case and for a 0.15M NaCl 
in Table 13, it would appear that this estimate of about 10 for 
increase of K2 is not unreasonable. The arguments for the variation 
in K3 as a function of ionic strength would proDably be similar 
although somewhat more difficult to quantitate because of the unknown 
geometry of the trimer. 
For the case of the high aggregate, it is expected that two 
effects" may be dominant. i) Based on the observed result that the 
aggregation number for cholate increases with ionic strength, Table 
13, it might be anticipated that the average size of the high aggre-
gate in the absence of salt would increase somewhat as the total 
cholate concentration increases. ii) In all of the prior calculations 
of. Ka the somewhat idealized Equation (28) has been utilized. This 
equation was also utilized to calculate the values shown in Figure 43. 
However, for the current system it cannot be assumed that counter-ion 
effects on the association process are constant. If the variation 
in the counter-ion concentration is included in Equation (28), it 
would be anticipated that KS would increase with an increase in cT" 
Table 13. Summary of Analysis Results Obtained from 
Sodium Cholate in Various Concentrations 
of Sodium Chloride Solution 
Concentration 
K2 K3 Kx B Mw of NaCl (mol/l) 
0 0.8 77.8 6.0xl06 8.82 xlO -2 2460 
0.15 6.9 256 5.2xlOll 5.40 xlO- 3 3110 
8.3xl01l 
-3 
0.30 15.6 405 1.41 xlO 2760 








As a ,result of all the above mentioned effects it is 
expected that the contributions of all higher aggregates to the total 
turb'idity have been somewhat underestimated. Thus, for the overall 
calculations of turbidity as shown in Figure 43, the contribution of 
all aggregates including dimers, trimers, and the high aggregates 
have been underestimated, especially at high ionic strengths. That 
the calculated curve falls below the experimental curve is, there-
fore, an expected result. Much further work would be necessary 
before a complete analysis of this system could be accomplished. 
Table 13 shows the results obtained for cho1ate at all ionic 
strengths studied. The molecular weight of high aggregates are the 
apparent values ~ncorrected for the effect of negative adsorption. 
From Table 13, it can be seen that the values of the association 
constants and the aggregation numbers show a tendency to increase 
with an increase in the ionic strength of the medium. This tendency 
may arise from the fact that the charge repulsive interactions 
between the monomeric units decrease ,as a result of a decrease in the 
charge effects with increases in the ionic strength. Similar tenden-
cies have also been shown by Kushner (70) and Emerson and H~tzer 
(71) in the investigation of ionic strength effects on the micelle 
aggregation number of long chain hydrocarbon surfactants. For the 
present results, however, this effec~ is hard to confirm, since the 
aggregation number in O.3M NaCl is lower than the value in O.5M NaCl. 
On the other hand, the association constant values in O.3M NaCl 
are significantly higher than the values in O.SM NaCl. The latter 
results may be the reason why the aggregation number in O.3M NaCl 
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is lower than the value in O.15M NaCl. The exact reason for this is 
uncertain. For better understanding of the ionic strength effects 
on the nature of self-association of sodium cholate, further study 
on the other halides is necessary_ 
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D. Solubility Studies 
It has been shown previously (44) that data on the variation 
in the solubility of naphthalene as a function of totnl cholate 
concentration can be utilized to obtain infonnation about the pattern 
of the association of cholate. In this study, the variation is the 
naphtha 1 ene so 1 ubi 1 i ty as a functi on of cho 1 ate concentrat'j on in 
0.15M NaCl has been obtained in an effort to determine whether the 
results of the light scattering study cao be verified by this method. 
In the present study, the equilibrium solubility of naphtha-
lene as a function of sodium cholate concentration in O.15M NaCl was 
obtained and is shown in Table 3 and Figure 10. The variation of 
naphthalene solubility as a function of sodium cholate concentration 
is qualitatively the same as in the case of the absence of the salt 
system studied by Mukerjee and Cardinal (44). The solubility of naph-
thalene increases slowly at low concentrations of sodium cholate 
followed by rapid increases in the solubility at high concentrations 
of sodium cholate. It is a smooth curve with no distinct IIbreak" 
as the indication of the CMC. 
Based on the method described by Mukerjee and Cardinal (44), 
the present naphthalene solubility data were analyzed by making a 
plo~ of log ~N versus log c. Figure 46 shows this plot. As can be 
seen from Figure 46, the slope at the low concentration range is about 
2. This implies that the naphthalene solubility at low concentra-
tions of sodium cholate is mainly due to' the cholate dimers (44). 









Comparison of the plots of 10Q ~N vs. 100 c. The symbols are the 
same as Figure 35. 
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Comparison of the experimental solubility of naphthalene in NaC with the results calculated by 
light scattering results. The sYMbols are the same as Fiqure 35. 
Figure 47. Com/arison of Naphtha'iene Solubility in NaC I~Jith the Results Calculated Based 'In 
the nodel Obtained from Light Scatterinq Results. 
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'from sodium cholate in O.15M NaCl, it was found that sodium 
cholate associates to form dimers, trimers and a high aggregate 
containing an average of 7.63 monomeric units. Based on this result, 
it was assumed, as an initial approximation, that the solubility 
of naphthalene as a function of total cholate concentration might 
be represented by a model such as the following. 
= N + N K'K [A J2 + N K' K [A J7.63 
o 0 2 2 1 0 7.63 S 1 
where A7. 63N represents the total concentration of naphthalene 
solubilized by the aggregate of cholate and K7.63 is defined as 
and KS is the overall association constant for the 7.63-mer. 
(32) 
(33) 
In order to see the degree of agreement of light scattering 
results with the naphthalene solubility curve, the naphthalene 
solubility as a function of cholate concentration will be calculated 
according to Equation (32). The values of K2 and KS were obtained 
from the light scattering results as shown in Table 9. The value 
of K2 can be obtained by fitting the solubility data (Figure 46) 
in the very low concentration region. The value of K7.63 can then 
be obtained by fitting the high concentration region through Equa-
tion (32). US'jng this method a value of 115 was obtained for K2, 
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3 . 
while a value of 6.5 x 10 was obtained for K7.63 . 
Figure 10 shows the comparison between the experimental 
curve and the calculated results. As can be seen from this figure, 
the calculated results show excellent agreement with the experi-
mental curve. 
For further analysis of the results, the comparison between 
calculated results and experimental curve was made o~ the plot of 
log AN versus log c. Figure 47 shows this comparison. As can be 
seen from Figure 47, the calculated results again show excellent 
agreement with experimental curve at high concentrations. In the 
intermediate range of log c, the calculated values are slightly . 
higher than the experimental curve. As can be seen from Equation 
(32), the calculated values do not include the possible concentra-
tion of naphthalene solubilized by the trimer's existing in the 
system. Since the calculated results are already higher than the 
experi~ental values, further calculation including the trimer 
contribution in the naphthalene solubility could only lead to a 
greater deviation in this region. At low values of log c, there 
;s small disagreement between the curves obtained by calculations 
and experiments. This disagreement may arise from the experimental 
difficulties. Based on the above considerations, it is assumed that 
the naphthalene solubility in trlmer ,is negligible. Since the 
calculated naphthalene solubility is in excellent agreement with the 
experimental curve as shown in Figures 46 and 47, these solubiliza-
tion results offer further proof of the validity of the light 
scattering results. 
VI. SUMMARY AND CONCLUSIONS 
The nature of the self-association of trihydroxy and dihydroxy 
bile salts in aqueous electrolyte solutions has been investigated by 
the light scattering technique. The turbidities obtained as a 
function of concentration have been examined in terms of a monomer-
micelle equilibrium model and a model based on a more complex 
pattern of the self-association by comparing the experimental curves 
with the calculated results. It has been shown that the values 
calculated based on the monomer-micelle equilibrium model are in 
qualitative agreement with the experimental cu,'ves. The shape of 
calculated curves follows the same general trend as the experimental 
curves in that the turbidity increases slowly at low concentrations 
followed by a rapid increase in -turbidity in the high concentration 
range. However) it is impossible to find a consistent set of 
parameters which permit the calculation of values that fit the 
experimental curve quantitatively throughout the concentration range 
studied. These variations between calculated and experimental curves 
are more significant in the case of the dihydroxy bile salts than in 
the case of trihydroxy bile salts. Such deviations between the 
calculated results and experimental curves suggest that the monomer-
micelle equilibrium model may not be an appropriate model for the 
self-association of the bile salts. 
In contrast to the monomer-micelle equilibrium model, it 
has been shown that qualitative as well as quantitative agreement 
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between the experimental curves and the calculated values can be 
obtained based on a more complex pattern of the self-association of 
bile salts. This model assumes the existence of monomers) dimers, 
trimers and a high aggregate for trihydroxy bile salts and the 
above species plus a tetramer for the dihydroxy bile salts. 
In the case of trihydroxy bile salts, the aggregation number 
of high aggregate is about 8. The size of high aggregate does 
not vary significantly with conjugation of the free bile salts. 
However, the value of the association constant for dimers was 
increased somewhat by conjugation. 
As compared to the trihydroxy bile salts, the dihydroxy bile 
salts show a greater tendency toward self-association. All the 
values of the association constants obtained from dihydroxy bile 
salts are markedly higher than the values of trihydroxy bile salts. 
Also, the aggregation numbers of the high aggregates formed by 
dihydroxy bile salts are substantially higher than in the case of 
trihydroxy bile salts. 
With an increase in the ionic strength, the values of the 
association constants and the size of high aggregates for sodium 
cholate showed an increasing tendency. However, this effect is hard 
to confirm from the present study. 
On comparison of light scattering results obtained from 
sodium cholate in O.15M NaCl with the naphthalene solubility data 
obtained from the same system, excellent agreement between two 
different systems was obtained. This agreement ;s a further proof 
of the validity of the light scattering results. 
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From the naphthalene solubility results, it was found that 
at low concentrations of sodium cholate, naphthalene is mainly 
solubilized by dimers while at high concentrations, both the dimer 
and the high aggregate are responsible for the increase in solu-
bility of naphthalene. It appears that the naphthalene 
solubilization by trimers is negligible. 
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